As bone grows older after peak bone mass has been reached, bone volume and connectivity of trabecular bone decrease as a result of age related remodeling. The amount of bone matrix created by osteoblasts is smaller than the amount resorbed by osteoclasts (formation deficit) and trabeculae that are disconnected by resorption cavities are not repaired
Introduction.
As bone grows older after peak bone mass has been reached, bone volume and connectivity of trabecular bone decrease as a result of age related remodeling. The amount of bone matrix created by osteoblasts is smaller than the amount resorbed by osteoclasts (formation deficit) and trabeculae that are disconnected by resorption cavities are not repaired 1, 2 . The rate of decrease of bone volume with age depends on several remodeling parameters: resorption depth, formation deficit and remodeling space. Remodeling space, defined as the total volume occupied by resorption cavities, depends on the number of resorption cavities and the size of these cavities. Using histomorphometrical studies, the contributions of these mechanisms to the total bone loss and the dynamics of the remodeling process can not adequately be studied. Therefore, a computer model of the remodeling process was made. With this model, the contributions of disconnected trabeculae and the formation deficit to the total bone loss were analyzed. The input for the model was a threedimensional (micro-CT) reconstruction of a cancellous bone specimen. Starting with the reconstruction, the remodeling process was simulated in a full three dimensional model over a period of 50 years. The size of the resorption cavities, formation deficit, remodeling space and the duration of the resorption cycle in the simulation were chosen based on data from biological studies.
Methods.
The specimen used in this study was obtained from the European Union BIOMED 1 project "Assessment of Bone Quality in Osteoporosis". The specimen was obtained from an autopsy L4-vertebra of a 37-year-old male donor. This donor did not suffer any osteoporotic fractures. After micro-CT scanning, the reconstructions were binarized to a cubic 3D-voxel model of trabecular bone (sidelength 4mm), with cubic elements of 14µm sidelength. Values of parameters used in the simulation presented here are shown in table 1 . These values were chosen in the biologically relevant range 3 .The number of cycles between resorption of bone matrix and formation in a cavity was represented by the delay. One cycle in the simulation represented one month. These remodeling parameters resulted in a total bone turnover of 18 % of the bone volume per year and resorption cavities of 1.5*10 5 µm 3 . The steps performed in the simulation are illustrated in Figure 1 . The first step consisted of generating resorption cavities, randomly distributed over the surface of the trabeculae. In each cycle, one third of the remodeling space was resorbed. Cavities were refilled 3 cycles (=3 months) later. Throughout the simulation, the total percentage of elements in remodeling equaled the remodeling space. After the resorption step, a check for disconnected Figure 1 : Two dimensional representation of the remodeling process performed in three dimensions in this study. trabeculae was performed by the computer program. If a trabecula was cut through, the elements in the resorption cavity or cavities that caused this were not refilled and were removed from the model. If resorption cavities generated loose parts, which are pieces of trabeculae not connected to the main structure, these were also removed from the model. Cavities that did not disconnect trabeculae were refilled 3 cycles later. These cavities, however, were not refilled completely to simulate the formation deficit. This deficit was in this simulation 1.8 % of a cavity, this equals 1 element in the model. This element was not refilled but removed from the model. This element was always a surface element, as shown in Figure 1 .
Results.
The simulated decrease of bone volume with age is shown in Figure 2 , as a percentage of the bone volume at 37 years. Simulation of 50 years of remodeling with the remodeling parameters as shown in table 1 resulted in a decrease of bone volume of 32 %. This total amount of bone loss was in good agreement with decrease in vertebral trabecular bone volume from experimental studies 4 .
Figure 2: Increase of bone loss with age, as a percentage of bone volume at 37 years. Contributions of disconnected trabeculae, formation deficit and loose parts are shown.
Up to a simulated age of 50 years, the formation deficit accounted for more than 2/3 of the decrease in bone volume. From 70 years on the bone loss caused by disconnected trabeculae and loose parts exceeded the bone loss caused by the formation deficit. The bone loss caused by the formation deficit increased logarithmicly. This was a result of keeping the remodeling space at 4.5 % of the bone volume, which decreased with age. The bone loss caused by disconnected trabeculae and loose parts of trabeculae increased exponentially with age, because trabeculae became thinner. The overall result was a linear increase of the bone loss up to 55 years, and a non-linear increase after this age.
Discussion.
The present simulation study provides a relationship between the amount of bone loss caused by the remodeling process and the remodeling parameters, such as resorption depth, remodeling space and formation deficit. In this simulation, the formation deficit was the primary cause of bone loss. In addition to this there was bone loss because disconnected trabeculae were not repaired. Furthermore, resorption cavities could generate loose pieces of trabeculae, which were removed from the model. The relative contributions of each of these three aspects of bone loss can now be estimated using our model. We found that if the simulation was performed with biologically relevant values for the remodeling parameters, the resulting decrease in bone volume was close to values reported in experimental studies. The contribution of disconnected trabeculae became more important with age, as trabeculae became thinner. However, the contribution of the formation deficit to the bone loss was larger than the contribution of disconnected trabeculae and loose parts up to the age of 70 years in the present simulation. This simulation of the remodeling process can be used to better determine the effects of the remodeling parameters on bone loss and bone architecture with aging. The effects of changes in these parameters as a result of disease or intervention with drug treatment can now be evaluated using this full three dimensional model of the remodeling process.
